In this paper, we study the curvaton reheating mechanism for an intermediate inflationary universe in brane world cosmology. In contrast to our previous work, we assume that when the universe enters the kination era, it is still in the high-energy regime. We then discuss, in detail, the new cosmological constraints on both the model parameters and the physical quantities.
INTRODUCTION
Inflation as the most promising framework for understanding the physics of the very early universe, relates the universe evolution to the properties of one or more scalar inflaton fields that is responsible for creating universe acceleration. This in turn causes a flat and homogeneous universe which later evolves into the present structure. Furthermore, inflation can be a solution to many other cosmological issues such as horizon and flatness problems [2] - [4] . The inflationary universe model may also provide a causal explanation of the origin of the observed anisotropy of the cosmic microwave background radiation (CMBR), and also large scale structures distribution [5] - [7] .
In intermediate inflation, the scale factor of the universe in a certain extend intermediate between a power law and exponential expansion whereas the expansion rate is faster than power law and slower than exponential ones. In this kind, the slow-roll approximation conditions are satisfied with time and thus same as in power-law inflation case, within the model, there is no natural end to inflation [8] - [12] . While during the inflationary period the universe becomes dominated by the inflation scalar potential, at the end of inflation the universe represents a combination of kinetic and potential energies related to the scalar field, which is assumed to take place at very low temperature [13] - [15] .
In the standard reheating mechanism after inflation while the temperature grows in many orders of magnitude, most of the matter and radiation of the universe was created via the decay of the inflaton field and the Big-Bang universe is recovered. The reheating temperature is particularly very important to cosmologists. In the standard mechanism of reheating, in the stage of oscillation of the scalar field a minimum in the inflaton potential is something crucial for the reheating mechanism [16] - [18] .
However, since the scalar field potential in some models does not present a minimum, the conventional mechanism, offered to bring inflation to an end, becomes ineffective. These models are well known as non-oscillating or simply NO Models. To overcome this shortcoming, a scalar field, dubbed curvaton is represented in the mechanism of reheating in these kind of models [19] - [20] . The curvaton scenario is suggested as an alternative to produce the primordial scalar perturbation where in turn is responsible for the structure formation.
When it decay into conventional matter, it creates an efficient mechanism of reheating. The energy density of carvaton field is not diluted during inflation therefore the curvaton may be responsible for some or all the matter content of the universe at the present time [14, 15] .
In the Randall-Sundrum cosmology, the issue of inflation of a single brane in an AdS bulk successfully consolidates the idea that universe is in a three-dimensional brane within a higher-dimensional bulk spacetime. In the high energy limit, the brane inflationary models contain correction terms in their Friedmann equations with significant consequences in the inflationary dynamics [21] - [23] . In this work, in the context of brane intermediate inflationary cosmology, we would like to introduce the curvaton field as a mechanism to bring inflation to an end. A similar approach to study the subject has been investigated in [18] and [24] . The authors in [18] , employs curvaton scenario for intermediate inflationary models in standard cosmology whereas in [24] , the steep inflation model in brane cosmology has been studied with the curvaton field responsible to bring inflation to an end. Here, in an attempt to integrate the above two works, curvaton reheating and intermediate inflation in brane cosmological models has been investigated with the aim to explore the dynamics of the universe within and after inflation era. In [1] , we assumed that when the universe enters the kination era, it is in the low energy regime. Here, in both inflationary and kination epochs the universe is in high energy regime. The model then suggests new constraints on the space parameters and predict reheating temperature in different scenarios.
THE MODEL
In this section, a five-dimensional brane cosmology is studied with the modified Friedmann equation given by [25, 26] ,
where H =ȧ/a is the Hubble parameter. The ρ φ and Λ 4 are,respectively, the matter field confined to the brane and the four-dimensional cosmological constant. we also assume that κ = 8πG/3 = 8π/(3m 4 . In the following, in the inflation epoch, we assume that the universe is in the high energy regime, i.e. ρ φ ≫ λ.
We suppose that the four-dimensional cosmological constant is vanished. In addition, at the beginning of inflation, the last term in (1) vanishes and, thus we are left with the effective Friedmann equation given by
where β is equal to κ/(2λ), with the dimension of m −6
p . Furthermore, we assume that the inflaton field is bounded to the brane, therefore its field equation is in the form of:
In the above equation, V (φ) is the effective scalar potential. The dot and prime respectively represent derivative with respect to the cosmological time and scalar field φ. We also have the conservation equation asρ
where the energy density and pressure respectively are given by ρ φ = (φ 2 /2) + V (φ), and
For convenience, we also take units in which c = = 1.
In intermediate inflationary scenarios, one can find the exact solution by taking the scale factor a(t) as
where the power f is a parameter limited as 0 < f < 1, and the coefficient A is a positive constant with dimension m f P . From equations (2), (3) and (5), one can find potential V (φ) and scalar field φ(t) as
and
Therefore, we obtain the Hubble parameter in terms of inflaton scalar field φ as
By solving the field equations in slow roll approximation, with simple power law scalar potential in the form of
One can find scale factor sam as in equation (5). With the potential (9) in the slow roll approximation we find solutions for φ(t) and H(φ). these solutions are similar to those obtained in the exact solution and expressed by (7) and (8) . It is notable that no extreme point can be found for these potentials.
In our model, the dimensionless slow roll parameters ε ≃ V ′2 /(3βV 3 ) and η ≃ V ′′ /(3βV 2 ), respectively, become
Note that for 0 < f < 1, the ratio ε/η = 2(1 − f )/(3 − 2f ) is less than one. Moreover, η earlier than ε reaches unity. As a result, the end of inflation is controlled by the condition η = 1 instead of ε = 1. We also find the inflaton field at the end of inflation as
where the subscript "e" is used to indicate end of inflationary period.
THE CURVATON FIELD CONSTRAINT DURING THE KINETIC EPOCH
With disregarding the term V ′ in equation (3) compare to the friction term 3Hφ, the model enters a new era called the kinetic epoch or kination. From now on, we use the subscript (or superscript) "k", to mark quantities at the beginning of this period. During the kination era we haveφ 2 /2 > V (φ) which could be seen as a stiff fluid, since p φ = ρ φ .
Since we assume that the universe in the kinetic epoch is still in high energy regime, the field equations (1) and (3) become, H 2 = βφ 4 /4 andφ + 3Hφ = 0, where the second equation
Therefore, energy density and Hubble parameter in terms of scale factor respectively become
In the above equations the "k" label is associated to the inflaton field at the beginning of the kinetic era.
With the curvaton field complying the Klein-Gordon equation, we assume that the scalar potential associated to the curvaton is given by U(σ) = m 2 σ 2 /2, with m to be curvaton mass.
In comparison with the curvaton energy density, let us consider that ρ φ is dominant component. Further, assume that curvaton field oscillates around minimum of its effective potential. During kination era, the curvaton density evolves as a non-relativistic matter, i.e.
ρ σ ∝ a −3 and inflaton stays dominated. Therefore, by decay of the the curvaton field into radiation, the Big-Bang cosmology is recovered.
In the inflation epoch, the curvaton field is assumed to be effectively massless. Therefore, the curvaton rolls down its potential until its kinetic energy is weakened by exponential expansion and then almost vanishes. As a result the curvaon field becomes frozen roughly to a constant value, σ * ≈ σ e . The subscript " * " denotes the period when the cosmological scale exits the horizon.
We also assume that during kination era, the Hubble parameter value decreases and become equal to the curvaton mass, i.e. m ≃ H. Then, at this point, curvaton field becomes effectively massive and from equation (15), we get
where the subscript "m" marks quantities during kination at the time when the curvaton mass m has order of H.
To prohibit a period of curvaton-driven inflation, the inflaton domination must still hold,
). This inequality gives us a constraint on the values of the curvaton field σ * . When H ≃ m,then, we get 
the ratio of the potential energies at the end of inflation, becomes
and, therefore, curvaton energy sub dominated. The curvaton mass then should obey the constraint
The above constraint imposed by the fact that the curvaton field during the inflationary era must be effectively massless and therefore we have m < H e . When curvaton field mass becomes important, i.e. m ≃ H, its energy density decays same as a non-relativistic matter
. In fact whenever curvaton undergoes quasi-harmonic oscillations, the potential and kinetic energy densities become comparable.
In general, the curvaton field decay happens in two different scenarios. When the curvaton field first dominates the cosmic expansion and then decays. Or its decay occurs before its domination. Next section we discusses these scenarios in more details.
CONSTRAINTS ON MODEL PARAMETERS

Case 1: Curvaton decay after domination
If the curvaton field dominates the cosmic expansion (i.e. ρ σ > ρ φ ), then, at a distance, let us assume that, when a = a eq , the inflaton and curvaton energy densities become equal.
Therefore, from equations (14) and (15), by using ρ σ ∝ a −3 , we obtain
Using (15), (16) and (20), the Hubble parameter, H eq , in terms of the curvaton parameters can be obtained
The decay parameter Γ σ is bounded by nucleosynthesis, so the curvaton field must decay before nucleosynthesis which means that H nucl ∼ 10 −40 < Γ σ (in units of Planck mass m p ).
From Γ σ < H eq , we obtain a constraint on Γ σ , as
Following the argument given in [18] , by studying the scalar perturbations related to the curvaton field σ, we find new constraints on our model parameters. When the curvaton field decays, the Bardeen parameter, P ζ , whose observed value is about 2.4 × 10 −9 [27] , becomes
[20]
, the spectrum of fluctuations is automatically gaussian and Γ σ independent, thus, one can ease the analysis of space parameter. From expressions (8), (12) and (23), we may write
where
Equation (25) defines number of e-folds corresponding to the cosmological scales, i.e. the number of remaining inflationary e-folds at the time when the cosmological scale exits the horizon. Then, the constraint given by equation (19) changes to
By using equations (22) and (26) we obtain an upper limit on Γ σ as
Moreover, by using Big Bang Nucleosynthesis (BBN) temperature, T BBN , we give the constraints for our model parameters A and f . The reheating temperature is given by 
where for later consideration we have used the scalar spectral index n s closed to one and thus m ≈ H * /10 [28] .
By fitting equation (28) in its lower limit, Fig. 1 (left panel) shows contours of model parameters f and A corresponding to different number of e-folds, N * . Similarly, Fig. 1 (right panel) shows the constraints when the upper limit, H * 10 −5 [29] , is used.
Case 2: Curvaton decay before domination
We assume that the curvaton decays before its energy density becomes greater than the inflaton energy density. Furthermore, the mass of the curvaton is considered toe comparable with the Hubble expansion rate, such that ρ σ ∝ a −3 . Following [18] , we also assume that the curvaton field decays when Γ σ = H(a d ) = H d . Then, from equation (15) we obtain where "d" stands for quantities when the curvaton decays.
By assuming that Γ σ < m and Γ σ > H eq ), we yield,
In this scenario, the Bardeen parameter becomes
and simple algebraic manipulation in (14), (16) and (29) we get
From expressions (8) , (12), (25), (31) and (32), one yields
In addition, the constraint given by equation (19) becomes
Now, by using equations (30) and (34), we could get the inequality
which gives an upper limit on Γ σ .
Finally, since the reheating temperature satisfies T reh > T BBN , and also Γ σ > T 2 BBN , we obtain,
where, as before, we have used the scalar spectral index n s closed to one. Note some similarities between (36) and (28), and therefore the same constraints on A and f for different number of e-folds can be considered in this case.
CONSTRAINTS ON CURVATON MASS
By using tensor perturbations scheme, one can constrain the curvaton mass. From [26] , the gravitational wave amplitude is given by,
where C 1 is a constant. If inflation occurs at an energy scale smaller than the grand unification, we have H ≪ 10 −5 , an advantage of curvaton approach over single inflaton field approach. Then, using H 2 * = βV 2 * , and (36) we find
From equations (19) and (38), we yield the constraint
which gives an upper limit for the curvaton mass.
The authors in [30] constrain the density fraction of the gravitational wave as
where k BBN is physical momentum corresponding to the horizon at BBN. Also, Ω GW (k) is density fraction of the gravitational wave as a function of k. At the present epoch we have
−2 and h = 0.73. Therefore, for the curvaton decay after or before domination, H is either H = H eq or H = H d .
Case 1: Curvaton decay after domination
By using equations (21), (23) and (37), the constraint on (40) becomes
If the decay rate is of gravitational strength, then Γ σ ∼ m 3 [31] - [34] and equation (22) imposes a third constraint as
We also have two constraints (17) and (22) . By using equations (19) and (23) for the curvaton decay after domination we find
Therefore, for the curvaton decay after domination, we have five constraints (17), (22), (41)- (43) on m or σ * . Fig. 2 (left panel), shows the allowed region for curvaton mass in shaded color.
Case 2: Curvaton decay before domination
In this case, using the constraint on the density fraction of the gravitational wave, equation (40), and also using equations (29) , (31) and (32) , with regards to Γ
By incorporating equations (30) and (44), a second constraint is given by [35] 
By employing equation (30), a pair of new constraints can also be obtained as
Moreover, from equation (44) one can get a further constraint
For curvaton decay before domination, we have the constraint (17) . Further, from (19) , (30) , (31) and (32), a second constraint is
Therefore, there are seven constraints (17) , (44)- (49) on either m or σ * , for the curvaton decay before domination. In Fig. 2 (right panel) , the shaded region shows the allowed region for m which is bounded by the above constraints. Here, we have fixed the value of λ (the tension of the brane) by λ = 7.9 × 10 −25 (in units of m p ) [24] . 
Constraint on the reheating temperature
As in [36] , the decay rate of curvaton field in some cases can be constrained by,
where coupling of curvaton to its decay products is denoted by g. Therefore,
is the allowed range for coupling constant. The inequality m g is caused by gravitational decay. In the case of curvaton decay before domination, by using T reh > T BBN , the constraint (51) represents an upper limit expressed by g < mσ
For the curvaton decay after domination, a lower limit is given by T BBN m −1/2 < g.
Employing (51) and from [28] , knowing that H * ≃ 10 −8 , σ * ∼ 10 −3 , m ∼ 10 −9 (from n s ≃ 1), then we get 10 −9 g 1. Also, from T reh ∼ gm 1/2 , we have 10
(in units of m p )as the allowed range for the reheating temperature.
Alternatively, by choosing σ * = 1 [28] , from expression (51) the constraint on g becomes 10 −9 g 1. Thus, from T reh ∼ gm 1/2 , we have the same range for reheating temperature.
Note also that the constraint on the density fraction of gravitational waves gives us g ∼ 1 [28] . In this case, the reheating temperature becomes of the order of T reh ∼ 10 −9/2 (in units of m p ) which challenges gravitino constraint [37] .
SUMMARY
In this paper, we investigated intermediate inflation in the brane-world cosmology when curavaton field is liable for universe reheating. We assumed that the universe in both inflationary and kination eras is in high energy regime which is strongly supported by the observation (for example see [18] ). In comparison to our previous work, [1] , where in the kination era the universe was considered to be in low energy regime, new constraints on the space and model parameters are obtained.
Following [18] , two cases have been considered in investigating universe reheating via curvaton mediation in brane cosmology; curvaton dominating the universe after or before its decay. As a result we have obtained an upper limit constrain on Γ σ expressed by equation (27) in the case of curvaton dominating the universe after it decays. As is given in equation (35) for the case after decay one obtains a lower limit constraint on Γ σ . In the intermediate inflationary universe with the scale factor given by equation (5), there are two space parameters A and f . In both scenarios, we have acquired constraints for the parameters expresses by equations (28) and (36) . The contour plot of these parameters for different values of e-folding from both lower and upper limits of T BBN is also given in Fig. (1) .
We constrained curvaton field and its mass in both cases. One, we obtained six constraints on pair (m, σ * ) by the region shown in Fig. 2 (left panel) . Similarly, we found
